When brain-derived neurotrophic factor (BDNF) is produced in the Escherichia coli periplasm, insoluble BDNF proteins with low biological activity and having mismatched disulˆde linkages are formed. The coexpression of cysteine oxidoreductases (DsbA and DsbC) and membrane-bound enzymes (DsbB and DsbD), which play an important role in the formation of disulde bonds in the periplasm, was investigated to improve the production of soluble and biologically active BDNF. The expression levels of Dsb proteins changed when the growth medium and the Dsb expression plasmids were changed, and the production rate of soluble BDNF was almost proportional to the expression level of DsbC protein with disulˆde isomerase activity in the case of a low expression level of BDNF. The rate of soluble BDNF production with coexpression of DsbABCD was as high as 35%. These results show that coexpression of BDNF and Dsb proteins can eŠectively increase the production of soluble and biologically active BDNF.
Brain-derived neurotrophic factor (BDNF), which belongs to a neurotrophic factor family, is an important protein in the development, maintenance, and regeneration of the nervous system. BDNF consists of 119 amino acids and has three disulˆde bonds. 1) E. coli transformants harboring heterologous protein genes often form insoluble inclusion bodies in their cells. If the protein in the inclusion bodies is inactive, it can be renatured to become active by solubilizing it in detergent. Previous studies found that when BDNF extracted from E. coli inclusion bodies is refolded and puriˆed, it has low biological activity. 2) For BDNF produced in the periplasmic space of E. coli cells, a small quantity of biologically active mature protein was obtained in a soluble fraction and a large quantity of protein with low biological activity and having mismatched disulˆde bonds was obtained in an insoluble fraction. 3, 4) The expression in E. coli of correctly folded eucaryotic proteins containing multiple disulˆde bonds is very ine‹cient. For this reason, numerous recombinant proteins of commercial interest cannot be expressed in active form in appreciable yield.
The formation of disulˆde bonds in the E. coli periplasmic space is catalyzed by two soluble, periplasmic cysteine oxidoreductases (DsbA and DsbC), two membrane-bound enzymes (DsbB and DsbD), and cytoplasmic proteins. In vitro, DsbA is a potent catalyst of protein cysteine oxidation, while DsbC has disulˆde isomerase activity. DsbB and DsbD appear to be responsible for maintaining DsbA and DsbC, respectively, in a proper oxidative state for optimal function. [5] [6] [7] Because the ability of E. coli to overexpress and correctly fold recombinant proteins with multiple disulˆde bonds is limited, Dsb proteins were overexpressed to increase the endogenous capacity of wild-type cells. Joly et al. 8) reported that transient overexpression of either DsbA or DsbC can double the yield of periplasmic insulinlike growth factor (IGF)-I while increasing the fraction of aggregated IGF-I. Coexpression of DsbC was found to drastically increase the formation of active tPA. 9) Horseradish peroxidase (HRP) was used as a recombinant protein to investigate the eŠects of coexpressing HRP with molecular chaperons and Dsb proteins. The total HRP production was increased several-fold by overexpression of DsbC 10) and the active HRP production was increased signiˆcantly by coexpression of DsbAB or DsbCD. 11) Human nerve growth factor (NGF) belongs to a neurotrophic factor family. The e‹ciency of periplasmic production of NGF fused to an OmpT signal peptide was improved by coexpression of DsbCD or DsbABCD pro-teins. 12) These results revealed signiˆcant eŠects of Dsb proteins on recombinant protein production in the E. coli periplasm.
Previously, we reported that insoluble BDNF proteins with low biological activity and having mismatched disulˆde linkages are formed in the E. coli periplasm. 3, 4) In this study, we investigated the eŠects of coexpressing DsbA, DsbB, DsbC, and DsbD on the production of soluble and biologically active BDNF.
Materials and Methods
Expression plasmids. The expression plasmid pTRSBDNF was constructed for the BDNF gene expression under control of a trp promoter as described in previous studies. 3, 13) The pTRSBDNF plasmid contained a BDNF gene obtained from rat BDNF cDNA fused, in frame, to the region encoding a b-lactamase signal peptide. Dsb expression plasmids pDbAB1, pDbAC1, pDbBD1, pDbCD1, and pDbABCD1 (the derivatives of pACYC184) containing an araB promoter and an araC activator-repressor gene carried DsbA-DsbB, DsbA-DsbC, DsbB-DsbD, DsbC-DsbD, and DsbA-DsbB-DsbC-DsbD genes, respectively. 10) E. coli HB101 was transformed with the pTRSBDNF and a Dsb expression plasmid.
Cultivation. E. coli HB101 harboring pTRSBDNF and a Dsb expression plasmid was cultivated in glucose medium and in glycerol medium. The glucose medium was M9 medium containing 2.5 g W l casamino acids, 5 g W l glucose, 0.1 g W l proline, 0.1 g W l thiamine HCl, 50 mg W l ampicillin, and 30 mg W l chloramphenicol. The glycerol medium 14) was M9 medium containing 20 g W l casamino acids, 10 g W l glycerol, 0.1 g W l proline, 0.1 g W l thiamine HCl, 50 mg W l ampicillin, and 30 mg W l chloramphenicol. Transformants were grown in an L-type glass tube with a working volume of 10 ml containing 1 ml of overnight seed culture and 0.2 g W l L-arabinose at 379 C for six hours by using a bio-photorecorder (Model TN-124D, Advantec, Japan). BDNF was induced by adding 15 mg W l 3-b-indoleacrylic acid (IA) and 2.5 g W l casamino acids after two hours of cultivation.
Analysis. The cells were sonicated after lysozyme treatment and centrifuged at 45,000 rpm for 30 min to obtain a supernatant and a precipitate. The supernatant and precipitate were taken as soluble and insoluble fractions, respectively. Protein samples were resolved by using 0.1z SDS-15z PAGE gel (Pagel SPU-15S, Atto, Japan). Electrophoresis was done under reducing conditions using standard procedures. 3) For Western blotting, the proteins were transferred to a PVDF membrane using an electrophoretic transfer apparatus (Model AE6675, Atto, Japan). BDNF was detected by using anti-rab-bit BDNF polyclonal antibodies (Santa Cruz Biotechnology, USA) and a goat anti-rabbit IgG horseradish peroxidase conjugate (Bio-Rad, USA). 3) The BDNF was measured using an imaging densitometer (Model GS-710, Bio-Rad, USA). For nonreduced SDS-PAGE, the protein samples were resolved by using 0.1z SDS-15z PAGE gel (Pagel SPU-15S, Atto, Japan) after being kept at room temperature for 20 min with a 10-mM Tris-HCl buŠer (pH 6.8) containing 20z glycerol, 1z SDS, and 0.02z bromophenol blue. 3) BDNF with disulˆde bonds was detected by Western blotting as mentioned above.
Bioassay. The protein samples from the soluble fractions were desalted using Ultrafree-MC cen-trifugalˆlter units (5000 NMWL, Millipore, USA), diluted with a PBS buŠer (pH 7.0) containing 2 mg W ml bovine serum albumin (BSA), and assayed using neurons from dorsal root ganglia (DRG) of 8-day chick embryos, as described in our previous study. 3) The values of soluble BDNF production were estimated from the dose-response curve of authentic BDNF (Diaclone Research, France).
Results

Detection of BDNF in soluble and insoluble forms by immunoblotting
To improve the production of soluble and biologically active BDNF, coexpression of the BDNF gene and cysteine oxidoreductase genes was investigated. After 6 h of cultivation, a cell lysate obtained by disrupting the cells by sonication after lysozyme treatment was centrifuged to obtain a supernatant fraction and a precipitate fraction. Figure 1 shows that the production of BDNF in soluble (Panel A) and insoluble (Panel B) forms was analyzed by Western blotting after the samples had been resolved by SDS-PAGE under reducing conditions. Immunoreactive bands were observed at the position of BDNF molecular weight markers. The estimation of the results of BDNF production in soluble and insoluble forms are indicated in Fig. 4B .
When the BDNF with disulˆde bonds was analyzed by Western blotting after resolving the samples by SDS-PAGE under non-reducing conditions, we found that the mobility of insoluble BDNF was diŠerent from that of authentic BDNF (data not shown). The insoluble BDNF migrated more slowly than the authentic BDNF did, as described in our previous study, 3) which indicates that there is a diŠerence in mobility between puriˆed native BDNF and puriˆed BDNF with mismatched disulˆde linkages. These results show that insoluble BDNF may have incorrect disulˆde linkages. 
EŠects of Dsb proteins on soluble BDNF production in glucose medium
The BDNF gene was coexpressed with each of the Dsb protein genes in glucose medium. The cell growth rates with Dsb coexpression were higher than those without Dsb coexpression. Theˆnal cell concentrations with and without Dsb coexpression were 0.35-1.3 g W l and 0.23 g W l, respectively (data not shown). Coexpression of Dsb proteins increased the cell growth, as described in HRP production. 10) Figure 2 shows the results of soluble and insoluble BDNF production with coexpression of Dsb proteins in glucose medium. The BDNF production with Dsb coexpression was smaller than that without Dsb coexpression. In particular, the BDNF production values with and without Dsb coexpression were 5.0-9.3 mg W g cell and 16-17 mg W g cell, respectively, when BDNF was induced by addition of IA as shown in Fig. 2B . It appears that the smaller the BDNF production, the higher the cell growth rate. The production of soluble BDNF with Dsb coexpression was greater than that without Dsb coexpression. In the case of Dsb coexpression, the production of soluble BDNF was in the range of 0.7-1.2 mg W g cell when BDNF was induced by addition of IA as shown in Fig. 2B . The rate of BDNF production in a soluble form was in the range of 12-17z. These values were greater than those for the BDNF production without Dsb coexpression (2.5-5.4z).
Because the DsbC protein band in the SDS-PAGE gel was clearly detectable, the expression level of DsbC protein was measured using an imaging densitometer. The E. coli cells indicated in Fig. 2A were used for the estimation of DsbC protein production. E. coli harboring pDbAC1, pDbCD1, and pDbABCD1 produced 1.4-2.5 times more DsbC protein than E. coli harboring no Dsb expression plasmid did, as shown in Fig. 3A . Therefore, the expression level of DsbC protein may be too low to increase the production rate of soluble BDNF.
EŠects of Dsb proteins on soluble BDNF production in glycerol medium
E. coli transformants were cultivated in glycerol medium to avoid catabolite repression. Though the BDNF gene was coexpressed with each Dsb protein gene, the coexpression of Dsb proteins did not increase the cell growth. The cell growth rates obtained with BDNF induction by addition of IA were smaller than those obtained without BDNF induction by addition of IA. Theˆnal cell concentration of E. coli cells coexpressing pDbABCD1 with BDNF induction by addition of IA (0.14 g W l) was lower than that without BDNF induction by addition of IA (0.31 g W l) (data not shown). Thus, the growth rate of cells appears to depend on the overproduction of BDNF and Dsb proteins. Figure 4 shows the results of soluble and insoluble BDNF production with coexpression of Dsb proteins in the glycerol medium. The BDNF production in the glycerol medium was lower than that in the glucose medium. However, the soluble BDNF production with coexpression of pDbABCD1 was as high as 2 mg W g cell. The rate of soluble BDNF production with coexpression of pDbABCD1 was as high as 35z when IA was not added as shown in Fig. 4A . This value was higher than that in the case Panel A: Glucose medium. The results of BDNF production are indicated in Fig. 2A. Panel B : Glycerol medium. The results of BDNF production are indicated in Fig. 4A . Dsb proteins were induced by addition of 0.2 g W l L-arabinose at the beginning of cultivation. IA and casamino acids were not added to the culture. BSA was used as a protein standard. of BDNF production (17z) with BDNF induction by addition of IA.
The expression level of DsbC protein was measured with the band in the SDS-PAGE gel, as shown in Fig. 3B . The E. coli cells indicated in Fig. 4A were used for the estimation of DsbC protein production. E. coli harboring pDbAC1, pDbCD1, and pDbABCD1 produced, respectively, 6, 11, and 14 times more DsbC protein than E. coli harboring no Dsb expression plasmid did. Therefore, the production rate of soluble BDNF was almost proportional to the expression level of the DsbC protein. In the glucose medium, the expression level of the DsbC protein might have been too low to increase the production rate of soluble BDNF. In the glycerol medium, the DsbC protein appeared to be crucial for soluble BDNF production. In addition, the coexpression of DsbC with DsbD responsible for regenerating DsbC e‹ciently promoted isomerization of mismatched disulˆde bonds formed on the BDNF. Although DsbAB proteins alone were not su‹cient for obtaining soluble BDNF, the coexpression of DsbABCD proteins was very eŠective for increasing the production rate of soluble BDNF, as shown in Fig. 4 .
These results show that coexpression of BDNF and Dsb proteins was very eŠective for increasing the production of soluble BDNF.
Biological activity of soluble BDNF
The biological activity of BDNF in soluble fractions was investigated using neurons from embryonic (day 8) chick DRG. The soluble fractions were treated by ultraˆltration to remove salts and small molecules and diluted with a PBS buŠer containing 2 mg W ml BSA. After a 48-h incubation of neurons at 379 C in a CO2 incubator, the number of neurons with neurite outgrowth was counted by using a phase contrast microscope. Figure 5 shows the values of soluble BDNF production in the glycerol medium estimated from the dose-response curve of authentic BDNF. These values were not consistent with the values (Fig. 4 ) estimated using immunoblotting. They show that the soluble BDNF proteins were biologically active and the soluble BDNF production with Dsb coexpression was greater than that without Dsb coexpression. Especially, the coexpression of DsbABCD proteins was very eŠective for obtaining biologically active BDNF. These results show that coexpression of BDNF and Dsb proteins was very eŠective for obtaining biologically active BDNF.
Discussion
In E. coli, disulˆde formation normally occurs after a polypeptide chain has been translocated across the inner membrane, because the cytoplasm is in a greatly reduced environment. Bacterial proteins become oxidized and fold rapidly soon after being transported from the cytoplasm. However, the formation of native disulˆde bonds in heterologous proteins with multiple cysteines is often very ine‹cient in the periplasmic space. In the case of BDNF production, a small quantity of biologically active mature protein was obtained from a soluble fraction and a large quantity of protein with low biological activity and having mismatched disulˆde bonds was obtained from an insoluble fraction. 3, 4) The bacterial periplasmic space is thought to be oxidizing and it appears to lack su‹cient disulˆde bond formation and the disulde isomerization activity required for the folding of heterologous proteins.
Several researchers showed that engineering the disulˆde bond machinery of the cell through the coexpression of cysteine oxidoreductases enables the production of active heterologous proteins. Coexpression of protein disulˆde isomerase (PDI) increased the yield of bovine pancreatic trypsin inhibitor and tissue plasminogen activator (tPA). 15, 16) In addition to PDI, overexpression of Dsb proteins has been shown to increase the yield of various eukaryotic proteins in bacteria. [8] [9] [10] [11] [12] Soluble BDNF production was estimated from the biological activity for neurite outgrowth of embryonic chick DRG neurons. Soluble BDNF fractions ( Fig. 4) obtained from E. coli cells in glycerol medium were used. Panel A: IA and casamino acids were not added to the culture. Panel B: IA and casamino acids were added to the culture at 2 h of cultivation.
We have already reported that BDNF with mismatched disulˆde linkages was formed as insoluble protein in the E. coli periplasm and that it had low biological activity. 3, 4) In this study, we investigated ways to improve the productivity of correctly folded active BDNF by using coexpression of Dsb proteins. The coexpression of Dsb proteins in the glucose medium increased the cell growth. However, theˆnal cell concentration in the glycerol medium was decreased by the overproduction of BDNF and Dsb proteins. We found that the expression level of Dsb proteins changed when the growth medium and the Dsb expression plasmids were changed. In the glucose medium, the expression level of Dsb proteins was low, so that glucose might repress the Dsb protein gene expression by L-arabinose addition. Then the glycerol medium was used instead of the glucose medium. We also found that the production rate of soluble BDNF was almost proportional to the expression level of DsbC protein with disulˆde isomerase activity in the case of a low expression level of BDNF. Because insoluble BDNF proteins with low biological activity and having mismatched disulˆde linkages are formed in the E. coli periplasm, it is reasonable to suggest that coexpression of DsbC protein can eŠectively increase the production rate of soluble BDNF. Several researchers have demonstrated that coexpression of DsbC protein is very important for increasing the production of soluble and active tPA, 9) HRP, 11) and NGF 12) proteins. Our results are consistent with these observations. In particular, the maximum production rate of soluble BDNF was as high as 35z as a result of coexpression of DsbABCD proteins. Coexpression of DsbABCD proteins was also eŠective for obtaining biologically active BDNF. In terms of biological activity of soluble BDNF, the BDNF production with Dsb coexpression was greater than that without Dsb coexpression, although the obtained production values were not consistent with those estimated using immunoblotting.
Our results show that coexpression of Dsb proteins increases the production of soluble and biologically active BDNF in the glycerol medium and that the expression level of DsbC protein is important in solubilizing BDNF in the E. coli periplasm. To improve soluble and active BDNF production, the relationship between expression levels of BDNF and Dsb proteins in the E. coli periplasm must be analyzed and the expression levels of these proteins must be controlled.
